Hog1 of Saccharomyces cerevisiae is activated by hyperosmotic stress, and this leads to cell-cycle delay in G 1 , but the mechanism by which cells restart from G 1 delay remains elusive. We found that Whi3, a negative regulator of G 1 cyclin, counteracted Hog1 in the restart from G 1 delay caused by osmotic stress. We have found that phosphorylation of Ser-568 in Whi3 by RAS/ cAMP-dependent protein kinase (PKA) plays an inhibitory role in Whi3 function. In this study we found that the phosphomimetic Whi3 S568D mutant, like the Áwhi3 strain, slightly suppressed G 1 delay of Áhog1 cells under osmotic stress conditions, whereas the nonphosphorylatable S568A mutation of Whi3 caused prolonged G 1 arrest of Áhog1 cells. These results indicate that Hog1 activity is required for restart from G 1 arrest under osmotic stress conditions, whereas Whi3 acts as a negative regulator for this restart mechanism.
Extracellular stresses activate stress-activated protein kinases (SAPKs), which regulate transcription of the genes relevant to adaptation to various forms of stress. The resulting activated SAPKs transiently arrest the progression of the cell cycle until the cells have adapted to their new environment. This adaptation mechanism is important for resumption of the cell cycle. In budding yeast, the Hog1 SAPK pathway mediates adaptation to high osmolarity. The mechanism activating the Hog1 pathway is well understood. 1) Hog1 is also required for cell-cycle regulation after exposure to hyperosmotic stress. [2] [3] [4] For instance, activated Hog1 induces G 1 cell-cycle arrest by a dual mechanism that involves downregulation of G 1 cyclin transcription and direct phosphorylation of CDK-inhibitor Sic1, 5) but the mechanism by which the cells restart from G 1 delay remains elusive.
Whi3 was originally identified as a positive regulator of cell-size control and was found to be involved in the regulation of Start. 6) The WHI3 gene encodes an RNA-binding protein that negatively regulates CLN3 preventing the G 1 /S phase transition, and Whi3 functioning is required for developmental options such as invasive growth and meiosis. [6] [7] [8] [9] Recently we reported that phosphorylation of Ser-568 in Whi3 by RAS/cAMPdependent protein kinase (PKA) plays an inhibitory role in Whi3 functioning. 10) These findings suggest that this process of phosphorylation plays a critical role in commitment to the cell division cycle and to the alternative developmental outcomes, such as meiosis and invasive growth.
The PKA pathway in yeast has a role in coordinating responses to nutrient status and various forms of stress. 11, 12) In response to certain environmental cues, enzyme Cyr1/Cdc35 adenylyl cyclase produces cAMP, which then binds to the PKA regulatory subunit (Bcy1), which represses activation of the catalytic subunits of PKA (Tpk1/Tpk2/Tpk3) under normal conditions. 13, 14) cAMP-bound Bcy1 is released from the Tpk proteins, which then activate or repress downstream transcription factors and thus respond to signaling, but although this PKA signaling pathway has been well characterized, its involvement in the osmotic-stress response is not fully understood.
In this study, we identified Whi3 as a suppressor mutant of the osmotic sensitivity of hog1 mutants. Our results indicate that Hog1 and Whi3 antagonize the regulation of restart from G 1 delay in response to osmotic stress.
Materials and Methods
Yeast strains and media. The Saccharomyces cerevisiae strains used in this study are listed in Table 1 . The media used were as described previously. 15) Gene disruption and strain construction. Deletion of the genomic CLN1, CLN2, and CLN3 genes (CLN1, 2, and 3 plasmids provided by I. Yamashita) were performed by means of a disruption plasmid.
Quantitative reverse transcription real-time PCR (RT-qPCR).
RT-qPCR analysis of total RNA was done in a LightCycler (Roche Applied Science, Tokyo, Japan) with a One Step SYBR PrimeScript y To whom correspondence should be addressed. Tel: +81-82-424-7765; Fax: +81-82-424-7045; E-mail: mmizu49120@hiroshima-u.ac.jp * Present address: Laboratory for Cell Asymmetry, RIKEN Center for Developmental Biology, 2-2-3 Minatojima Minamimachi, Chuo-ku, Kobe 650-0047, Japan Abbreviations: PKA, RAS/cAMP-dependent protein kinase; RT-qPCR, quantitative reverse transcription; SAPK, stress-activated protein kinase; SD, synthetic dextrose; WT, wild type; YPD, yeast peptone dextrose RT-PCR Kit II (Takara, Kyoto, Japan). Total RNA was isolated by use of an RNeasy MiniKit (Qiagen, Tokyo, Japan) following the manufacturer's instructions. The relative amount of the TPK1 mRNA was normalized to that of ACT1 mRNA in three independent experiments. Error bars were used to show mean AE SEM. The value for WT at time 0 is referred to as ''1.'' The oligonucleotide primer sequences used in this study are available on request.
Results

Isolation of the sgh4/whi3 mutation as a suppressor of the osmotic sensitivity of Áhog1 strain
Deletion of the HOG1 gene causes severe growth retardation in yeast on solid media containing 150 mM CaCl 2 due to hyper-activation of Ca 2þ -signaling and high osmolarity. 16, 17) To identify the genes involved in this regulatory mechanism, we screened for mutants that suppress the growth defect of a hog1-deleted (Áhog1) strain on solid medium containing a high concentration of CaCl 2 . Recessive, Ca 2þ -resistant mutants were classified into six loci, designated sgh1-sgh6 (for suppressors of Ca 2þ -induced growth defect of hog1). Although these mutations were originally isolated based on their ability to suppress the CaCl 2 sensitivity of Áhog1 cells, four mutations (sgh3/tup1, sgh5/sko1, sgh6/cyc8, and sgh4), but not two others (sgh1/swe1 and sgh2/cnb1), have been found to suppress also the osmotic sensitivity (0.6 M sorbitol and 0.4 M KCl) of the hog1 mutant. 17) In this present study, we characterized mutation sgh4.
By crossing sgh4 Áhog1 strain with the parental strain, the sgh4 strain was constructed. The cell sizes of the sgh4 strain and of the sgh4 Áhog1 strain was smaller than that of wild-type (WT), and exhibited temperature sensitivity at 37 C (data not shown). Cloning and sequencing of the gene that complemented the temperature sensitivity of the sgh4 strain suggested that this mutation is an allele of the WHI3 gene (data not shown).
Integrating linkage analysis indicated that the sgh4 mutation was located within or close to the WHI3 gene. 6) Deletion of the WHI3 gene, similarly to the sgh4 mutation, suppressed the osmotic sensitivity of Áhog1strain cells (Fig. 1A , lanes 2 and 5; reference 17), suggesting that the sgh4 mutation is a loss-of-function mutant allele of the WHI3 gene. In further experiments, we studied the whi3-deletion (Áwhi3) mutation.
Inhibition of Whi3 suppressed the osmotic sensitivity of hog1 by upregulating Cln3
The best characterized function of Whi3 is its ability to inhibit the Cln3 function in the G 1 phase by binding to CLN3 mRNA, thereby inhibiting the Cln3-Cdc28 mediated activation of two transcription factors, SBF (Swi4-Swi6) and MBF (Mbp1 and Swi4), which drive the expression of G 1 cyclins CLN1 and CLN2, which leads to a delay in the start of the cell cycle. 7, 8, 10, 18) Whi3 has been to bind a large number of mRNAs functionally related to the endoplasmic reticulum, 9) but the involvement of Whi3 in the osmotic stress response is unclear. First we examined, whether the suppression of the osmotic sensitivity of Áhog1 cells by the whi3 deletion was caused by upregulation of Cln3. As expected, the suppression of the osmotic sensitivity of Áhog1 strain by the whi3 deletion was cancelled by additional deletion of the CLN3 gene (Fig. 1A, lane 8) . A similar effect was also observed for the deletion of other G 1cyclin genes, CLN1 and CLN2 (Fig. 1B , lane 5). Consistently with the results of whi3 deletion, overexpression of the CLN2 gene but not that of the CLB cyclin genes suppressed the osmotic sensitivity of the Áhog1 strain ( Fig. 1C ). Moreover, the Ácln3 and Áwhi3 Ácln3 strains did not show osmotic sensitivity (Fig. 1A , lanes 4 and 7), confirming that the cln3 deletion itself did not affect osmotic sensitivity. Together, these results suggest that the Hog1 pathway positively regulated G 1 cyclin, whereas Whi3 negatively regulated G 1 cyclin, and that this mechanism is important for cell growth under osmotic conditions ( Fig. 1E ).
Since the WHI3 gene was originally identified as a positive regulator of cell-size control, 6) we further investigated whether inhibition of the Cln3 function by Whi3 participates in cell-size control under osmotic conditions. Exponentially growing WT and Áhog1 cells in normal YPD medium were similar in size, but under osmotic conditions (a medium containing 0.4 M KCl), the Áhog1 cells were larger than the WT cells ( Fig. 1D ). This increase in size of the Áhog1 cells was reversed by the whi3 deletion ( Fig. 1D, Áhog1 Áwhi3) , further, an additional cln3 deletion in the Áhog1 Áwhi3 double mutant again caused an increase in cell size (Fig. 1D ).
These results indicate that the increase in cell size of Áhog1 under osmotic conditions was caused by Whi3- 
Inhibition of Whi3 was required for restart from osmotic stress-induced G 1 delay
To clarify the role of the regulatory pathway of G 1 cyclin via Whi3 in cell-cycle control under osmotic conditions, we examined carefully the cell-cycle progression of cells released from the synchronized G 1 phase with -factor in YPD medium containing either of two concentrations of KCl (0.4 and 0.6 M). Under osmotic conditions (0.4 M KCl), both WT and Áhog1 cells exhibited delays in G 1 /S transition ( Fig. 2A and  B) , bud formation, and the onset of nuclear division (Fig. 2C) . As previously reported, 3) osmotic stressinduced G 1 delay in the Áhog1 cells was longer than that in the WT cells, suggesting that Hog1 is required for restart from G 1 delay (Fig. 2B) . Further, deletion of the WHI3 gene partially suppressed G 1 delay in the Áhog1 strain (Fig. 2B ). This suggests that when Whi3 is inhibited, cells can restart from osmotic stress-induced G 1 delay. Moreover, when we used a higher concentration of KCl (0.6 M), the G 1 /S transition of Áwhi3 cells was slightly accelerated as compared to that of the WT cells (Fig. 2D, 90-105 min) . This indicates that Whi3 plays an important role in G 1 cell-cycle control under osmotic stress conditions.
The phosphomimetic Whi3-S568D mutation slightly suppressed the defect in restart from the osmotic stressinduced G 1 delay of the hog1 mutant
Recently, we reported that Ser-568 in Whi3 is phosphorylated by PKA and that this plays an inhibitory role in Whi3 functioning. 10) It has also been reported that PKA is upregulated at the transcriptional level in response to environmental stresses such as heat shock. 19) To determine whether PKA is upregulated by osmotic stress, we examined the transcription level of the PKA gene TPK1 in WT cells after exposure to osmotic stress (0.4 M KCl) by quantitative RT-PCR (RT-qPCR). The level of TPK1 mRNA was conspicuously elevated within 30 min of exposure to osmotic stress, and then dropped to the basal level after 60 min (Fig. 3 ). Hog1 is Áwhi3, Áhog1 Áwhi3 Ácln3, and Áhog1 Áwhi3 Ácln1 Ácln2 cells were spotted onto plates, which were then incubated for 3 d at 28 C. C, Growth of various strains on solid SD-Ura medium containing 0.6 M sorbitol or 0.4 M KCl. Serial dilutions of the Áhog1 strain transformed with a multi-copy plasmid (YEplac195) harboring each of the cyclin genes (empty vector, CLN2, CLB5, and CLB2) were spotted onto plates, which were then incubated for 3 d at 28 C. D, Cell size under the osmotic-stress conditions. WT, Áhog1, Áwhi3, Áhog1 Áwhi3, Áhog1 Ácln3, and Áhog1 Áwhi3 Ácln3 cells were grown in YPD medium (black line) or in one with 0.4 M KCl (gray line) for 6 h at 28 C. Relative cell size was determined by measuring forward angle light scattering by FACSCalibur (Becton Dickinson, Tokyo, Japan). Histograms were obtained by examining 2 Â 10 4 cells in each case. Pathway by which Hog1 and Whi3 might affect G 1 cyclin function in response to osmotic stress. E, Antagonistic regulation of G 1 cyclin in response to osmotic stress by the Hog1 and Whi3. The arrows and the blunt-ended line indicate positive and negative controls respectively. A and B, Cellular DNA levels of the WT, Áwhi3, Áhog1, and Áhog1 Áwhi3 strains synchronized with -factor and released into YPD medium with and without 0.4 M KCl at 28 C. C, The kinetics of the progression of these cell-cycle events is shown. WT, Áhog1, Áwhi3, and Áhog1 Áwhi3 strains synchronized with -factor were released into YPD medium with and without KCl. Quantification of cumulative percentages of bud formation and nuclear division during cell-cycle progression in the strains synchronized with -factor were determined periodically by microscopic observation and propidium iodide staining respectively. At least 300 cells were counted for each time point. D, Cellular DNA levels of the WT and Áwhi3 strains synchronized with -factor and released into YPD medium with 0.6 M KCl. Solid triangles indicate the period of G 1 /S transition for each strain.
well established as a transcriptional regulator in the osmotic stress response. 1) To investigate further whether the transcriptional activation of TPK1 in response to osmotic stress was dependent on Hog1, we performed the same experiment using Áhog1 cells. The results indicated that the TPK1 mRNA level in the Áhog1 cells rose more slowly, and that the TPK1 mRNA level was significantly lower at each time point than that in the WT cells (Fig. 3 ). This indicates that PKA was quickly activated by the osmotic signal in a Hog1-dependent manner.
Because previous work has shown that phosphomimic Whi3-S568D mutant cells behave like Áwhi3 cells, 10) we speculated that the Whi3-S568D mutation would suppress the G 1 delay of Áhog1 cells in response to osmotic stress. To test this possibility, we examined the effects of phospho-mimicking S568D and nonphosphorylatable S568A mutations of Whi3 on the cell-cycle progression of Áhog1 cells under osmotic stress conditions (0.2 and 0.6 M KCl). As reported previously, 10) under normal growth conditions, the Whi3-S568D single mutation led to a shortened G 1 phase as in the case of Áwhi3 cells, whereas the Whi3-S568A single mutation led to a prolonged G 1 phase (data not shown). As expected, the Whi3-S568D mutation slightly suppressed the G 1 delay of Áhog1 cells in a medium containing 0.2 M KCl (Fig. 4A , arrowheads, compare to Áhog1 Whi3 and Áhog1Whi3-S568D for 45-60 min). We noted that the suppressive effect of the Whi3-S568D mutation on the A, Effects of Whi3 S568D mutation on cell-cycle progression. The Áhog1 Whi3-HA and Áhog1 Whi3-S568D-HA strains were synchronized with -factor, released into YPD medium with and without 0.2 M KCl, and incubated at 28 C for up to 120 min. Solid triangles indicate the period of G 1 /S transition for each strain. B, Effects of the Whi3-S568A mutation on cell-cycle progression. The Áhog1 Whi3-HA and Áhog1 Whi3-S568A-HA strains were synchronized with -factor, released into YPD with and without 0.6 M KCl, and incubated at 28 C for up to 180 min. cell-cycle progression of the Áhog1 cells was much weaker than that of whi3 deletion (compare Figs. 2B and 4A). Further, the Whi3-S568A mutation caused prolonged G 1 arrest of Áhog1 cells in a medium containing 0.6 M KCl (Fig. 4B) , as for Whi3 wild-type cells under osmotic stress conditions (Fig. 2B, Áhog1 cells) . Together, these observations suggest that inhibition of Whi3 is required for restart from osmotic stress-induced G 1 delay.
Discussion
We suggest that Hog1 SAPK pathway and the Whi3 cell-cycle regulator antagonize restart from G 1 delay following osmotic stress. Upon exposure of Áhog1 cells to osmotic stress, the cells exhibited a severe G 1 delay, which was suppressed by the whi3 deletion and by overexpression of the CLN2 gene (Figs. 1A-C and 2A-C). These results suggest that the G 1 delay was caused by a low level of G 1 cyclins through activation of Whi3, a negative regulator of G 1 cyclin. Thus our results suggest that Hog1 activity is important for restart/ recovery from G 1 arrest under high-osmolarity conditions. On the other hand, Whi3 acts as a negative regulator for this restart mechanism. Thus, Hog1 and Whi3 antagonize the regulation of restart from G 1 delay caused by osmotic stress (Fig. 1E ). Transcription of TPK, a budding yeast PKA Tpk1 that directly phosphorylates and inactivates Whi3, 10) was upregulated under osmotic stress in a Hog1-dependent manner (Fig. 3) . Further, the phospho-mimicing Whi3 S568D mutant slightly suppressed the G 1 delay of Áhog1 cells under high-osmolarity conditions (Fig. 4A ). Thus, it is possible that Hog1 is involved in the restart from osmotic stress-induced G 1 delay in that it downregulates Whi3 through transcriptional activation of PKA/TPK1. Alternatively, it is possible that Whi3 plays a role in restart independently of Hog1 or Tpk1. Thus our results raise important questions: Is Whi3 indeed phosphorylated by PKA upon osmotic stress, and is it dependent on Hog1? These possibilities must be clarified further.
Our data are consistent with previous results indicating the involvement of Hog1 in recovery from transient G 1 arrest in response to moderately hyperosmotic stress. 3) It has been reported that Hog1 activation is required for G 1 arrest in response to hyperosmotic stress. 5) Here, we found that a G 1 delay was induced by osmotic stress even in Áhog1 cells (Fig. 2B, Áhog1) , indicating that the cells have a Hog1-independent mechanism inducing G 1 delay in response to osmotic stress. Hog1 regulates a number of molecules in cell-cycle control (both G 1 arrest and restart from G 1 ) under osmotic stress conditions. A previous study indicated that expression of a constitutively active form of Hog1 is capable of inducing G 1 arrest under normal growth conditions, 5) suggesting that a Hog1induced mechanism for G 1 arrest might be dominant to that for restart from G 1 .
The partial rescue of the sensitivity of Áhog1 strains to osmotic stress by deletion of the WHI3 gene ( Fig. 1A) indicates that Hog1 regulates other molecules, in addition to Whi3, for growth inhibition under these conditions. It is possible that the G 1 delay in Áhog1 cells under osmotic stress is related to a general inhibition of the initiation of translation by osmotic stress. 20) It was found recently that Hog1 is involved in the regulation of exit from the resting state, 21) but the target of Hog1 in this system is obscure. It would be interesting to determine whether Hog1-dependent or Hog1-independent Whi3 regulation operates in this system.
